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replacement p$ases were improved and extended 
from 5 to 3.5 A by sevenfold averaging and solvent 
flattenng w~ththe program DM (24). Phases were 
extended in a total of 150 cycles. The resulting maps 
were readily interpretable, and most of the polypep-
tide could be easily fitted into the densty wth the 
program ' 0 '  (25). The model was refined by using 
X-PLOR (26) w~ thnoncrystallographic constraints 
and restraints. The model contains 92 out of 99 
residues In three different fragments. Refinement 
w~thone "group temperature factor" per residue, 
and an overall ansotropic temperature factor, de-
creased the R factor (for 7870 reflections) to 0.23 
and the R,,,,(for 903 randomly chosen reflections)to 
0 38 (26). The root-mean-square (rms) deviations 
from idealityfor bond lengths and angles are0 018A 
and 2.8', respectvey. The rms devaton between 
Cu atpms of different subunits in the heptamer is 
0 51 A and between all atoms 0.66 A The only out-
lying resdues in the Ramachandran map belong to 
the flexible loop comprising residues 17 to 33, which 
is pariially disordered in the structure, and Glu5, 
which is located in a tight turn. A three-dimensional-
one-dmensiona profile (27) shows a better-than-
average score for a proten of ths size, with no nega-
tive values (28).The only region wlth a somewhat low 
score is the flexible loop. A specific-sequencemarker 
is provided by the sngle mercury position per subunit 
in the heaw atom derivative,which is closeto the side 
chain nitrogenof Trpm (thereare neither histidines nor 
cysteines in MI-cpnl0).Crystals of selenomethionine-
MI-cpnlO were obtained but did not result in sig-
nlficant peaks in difference Pattersons and differ-
ence Fouriers after data collection with multiwave-
length anomalous diffraction techniques Appar-
ently the mobility and disorder of the single Metzzin 
the flexible loop was still too large. In our structure. 
we see some denslty that must be part of this 
flexlble loop, but the precise way in which it is 
connected to the remander of the molecule is still 
uncertain. Fgures are drawn w~ t hMOLSCRIPT and 
RASTER3D (29). 
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Protection Against Osmotic Stress by 
cGMP-Mediated Myosin Phosphorylation 
Hidekazu Kuwayama, Maria Ecke, Gijnther Gerisch, 
Peter J. M. Van Haastert* 
Conventional myosin functions universally as a generator of motive force in eukaryotic 
cells. Analysis of mutants of the microorganism Dictyostelium discoideum revealed that 
myosin also provides resistance against high external osmolarities. An osmo-induced 
increase of intracellular guanosine 3',5'-monophosphate was shown to mediate phos-
phorylation of three threonine residues on the myosin tail, which caused a relocalization 
of myosin required to resist osmotic stress. This redistribution of myosin allowed cells to 
adopt a spherical shape and may provide physical strength to withstand extensive cell 
shrinkage in high osmolarities. 
Ce l l s  exposed to  osmotic stress can avoid 
dehydrative collapse either by using a cell 
wall (1 )  or by increasing the  intracellular 
osmotic potential by synthesis of sinall mol-
ecules like glycerol, uptake of ions, or dis-
charge of water (2) .  Actin and some of its 
binding proteins are required to resist high 
osmotic stress in yeast (3). T h e  other major 
component of the  cytoskeleton, myosin I1 
or conventional myosin, exerts motive force 
by interacting with actin filaments (4).Dic-
tyostelium discoideum is a microorganism 
with a small haploid genome from which 
mutants altered in  cytoskeletal proteins 
have been isolated (5-7). Studies of inu-
tants lacking inyosin I1 heavy chain (mhcp) 
reveal that this form of invosin is essential 
for cytokinesis, capping of dell surface lectin 
receptors, and normal cell motility and che-
motaxis 15. 8. 9) .  Here we have used D.
~, , , 
discoideum to investigate the  role of rnyosin 
I1 in protecting atnoeboid cells from high 
osmotic pressure. 
Wild-type XP55 cells resisted an  osmotic 
shock of 300 mM glucose for -30 min; 50% 
of the cells died after a shock of about 60 rnin 
(Fig. 1A). In contrast, r n h c  cells were very 
sensitive to os~noticstress with a 50% reduc-
tion of cell viability after 5 to 10 inin (Fig. 
28. S. C Mande V. Mehra, B. R. Bloom, W G. J. Hol, 
data not shown. 
29. MOLSCRIPT: P. J. Kraul~s,J. Appl. Crystallogr. 24, 
946 (1991), RASTERSD. D. J. Bacon and W. F. 
Anderson, J. idol. Graphics 6, 219 (1988). E. A. 
Merritt et a/., Acta Crystallogr D50, 869 (1994). 
30. Abbreviations for the amino acid residues are as 
follows: A, Ala, C, Cys; D,Asp; E, Glu, F, Phe; G, Gly; 
H, HIS;I, e ;  K, Lys; L, Leu: M, Met; N,Asn; P, Pro, Q, 
Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr 
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Mvosin I1 filaments bind to actin fila-
ments tnore effectively than myosin tnono-
lners (10, 1 1  ). Phosphorylation of myosin I1 
a t  three threonine residues of its tail region 
inhibits filament forination (10, 12) and 
thus weakens the  interaction with actin 
filaments. Mutant mhcAh" produces a my-
osin I1 heavy chain in which the  phospho-
rylatable threonines are replaced by alanine 
residues. As a consequence of this tnuta-
tion, rnvosin 11 exists ~ redominan t lvin the  
fllamenious state, an2 the  assemily and 
disasse~nblyrate are probably strongly re-
duced 19. 10).  These mhchAh cells showed
~, , 
the  same sensitivity to high concentrations 
of glucose as mhc- cells (Fig. l A ) ,  which 
suggests that phosp l~or~ la t ionof myosin I1 
a t  its tail was required to protect cells 
against osmotic stress (13). 
Guanosine 3 ',5'-monophosphate (cGMP) 
acts as a universal second messenger in eu-
karyotic cells (14). In D. discoideum, cGMP 
levels increase upon stirnulation with the che-
moattractant adenosine 3'3-monophosphate 
(CAMP) (15). Intracellular cGMP regulates 
the assernblv and disassemblv of lnvosin fila-
ments by iniucing the phosphorylation of the 
threonine residues (16). Ostnotic stress also 
activates guanylyl cyclase in wild-type D.dis-
coideum cells; the cGMP concentration in-
creased after 1 lnin and reached a peak at -10 
min after the onset of stimulation (17) (Fig. 
1B). A transient accumulation of cGMP lev-
H, Kuwayama and P. J. M. Van Haasteris Department of 1A). Cell, of the mhc- mutant that had heen els upon addition of 300 mbf glucose was also 
Biochemist~~,University of Groningen, Nijenborgh 4, 
9747 AG Groningen, Netherlands. transfected with complementary DNA observed in wild-type XP55 and in the mhc"'t, 
M. Eckeand G. Gerisch,Max-Panck-~nstitutfur Biochem- (=DNA) encoding norrnal lnyosin 11 heavy mhc-, and rnhc""" strains (Fig. 1B). No  ill-
ie, D-82143 Mariinsried, Germany, chains (mhc") showed a viability comparable crease of cGMP levels was found in the 
'To whom correspondence should be addressed. to that of the wild-type XP55 (Fig. 1A).  nonchemotactic mutant KI-8 in which gua-
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Fig. 1. Time course of (A) sur- 
vival. (B) cGMP accumulation. 
and (C) myosin I I  heavy chain 
(MHC) phosphorylation in the 
presence of 300 mM glucose 
for wild-type XP55 and mutants 3 
KI-8, mhcw, mhc-, and mhc- 3 
of D. discoideum (30). Survival 5 and myosin I I  phosphorylation , 5C 
are presented as percent of un- 
stimulated cells. Results in (C) 
are the means 2 SD of three 
independent experiments with C 
triplicate determinations. 
Sunrival(%) 
A (30 rnin after osrnotlc shock) 
0 50 100 
mhc- 
* 
MHC phosphorylation (%) 
(30 min after osmotic shock) 
0 100 200 
Fig. 2. Restoration of (A) survival and (B) MHC 
phosphorylation by the cell-permeable cGMP 
analog 8Br-cGMP (31). Survival and myosin I I  
phosphorylation are presented as percent of un- 
stimulated cells. Solid bar, control; stippled bar, 
8Br-cGMP. Statistical analysis: Asterisk indi- 
cates P < 0.01, which is significantly lower than 
in wild-type cells; double asterisk indicates 
P < 0.05, which is significantly higher than with- 
out 8Br-cGMP. Results are the means ? SD of 
three independent experiments with triplicate 
determinations. 
nylyl cyclase activity is strongly reduced (18). 
To investigate the role of cGMP in osmoreg- 
ulation, we tested the survival of this mutant 
under conditions of osmotic stress. Mutant 
KI-8 cells proved to be very sensitive to 0s- 
motic stress; survival of these cells was re- 
duced by an amount similar to that seen in 
mhc- mutants (Fig. 1A). Moreover, 300 rnM 
glucose induced the transient phosphoryla- 
tion of myosin I1 in wild-type XP55 cells, 
which was alreadv detectable after 2 min. 
whereas mutant KI-8 showed no response 
(Fig. 1C). A cell-permeable cGMP analog, 
8-bromoguanosine 3',5'-monophosphate 
(8Br-cGMP), was added to these mutants 
in combination with 300 mM glucose. 
Whereas the survival of XP55, mhcw', mhc-, 
and mhcAAA was not influenced by 1 mM 
8Br-cGMP, the analog restored the survival 
Time (rnin) 
Fig. 3. Cell shape and localization of myosin I I  (red) and actin filaments (green) in XP55 cells before and 
after an osmotic shock with 300 mM glucose (32). Aconfocal section was made through the center of the 
cell; areas where myosin I I  and actin filaments colocalized are yellow. Bar, 5 pm. 
of mutant KI-8 (Fig. 2A). Half-maximal 
restoration was induced by -100 mM 8Br- 
cGMP and was specific for this cell-perme- 
able cGMP analog (19). In addition, 8Br- 
cGMP in the presence of glucose induced 
myosin I1 phosphorylation in KI-8 cells 
(Fig. 2B). Thus, a cell-permeable cGMP 
analog restored osmosensitivity in the gua- 
nylyl cyclase mutant but not in the myosin 
mutants. 
The distribution of the cytoskeletal pro- 
teins actin and myosin was analyzed by Eon- 
focal fluorescence microsco~v with labeled 
. , 
phalloidin to stain actin filaments and 
monoclonal antibodies to label myosin I1 
(Fig. 3). Control cells were highly motile and 
elongated with many pseudopodial exten- 
sions. Actin filaments were localized primar- 
ily in the extending pseudopodia (20), 
whereas myosin I1 was found throughout the 
cytoplasm and enriched in pseudopodia. At 
10 min after the osmotic shock with 300 mM 
glucose, cells shrank by -50% (21), assum- 
ing a rigid state in which a more spherical 
core region was surrounded by flattened ex- 
tensions. Filamental actin remained in the 
extensions. Myosin I1 moved within 10 min 
toward the cortex of the core; dual labeling 
revealed that myosin I1 was localized primar- 
ily in a layer beneath the actin-rich cortex. 
Thus, we propose the following model: 
Osmotic stress induces the activation of gua- 
nylyl cyclase. The main function of the pro- 
duced cGMP is to mediate myosin I1 phos- 
phorylation at three threonine residues on its 
tail, which enhances the disassembly of my- 
osin I1 filaments and thereby recruits myosin 
for deposition below a peripheral layer of 
actin filaments. Dictyostelium discodeum cells 
respond chemotactically to CAMP. Guanylyl 
cyclase and myosin I1 phosphorylation are 
essential for both osmo- and chemosensory 
transduction. Activation of guanylyl cyclase 
by these signals must use different mecha- 
nisms because chemotactic signal transduc- 
tion is ablated in mutants lacking the het- 
erotrimeric guanosine triphosphate binding 
protein (G protein) subunits Ga2 (22) or 
GP (23), which show a normal response to 
osmotic stress (24). In yeast, osmosensing is 
mediated by a two-component system com- 
posed of a histidine kinase and its receiver 
domain (25). In the yeast system, the sensor 
mediates osmoregulation through the pro- 
duction of glycerol. Recently, a gene encod- 
ing a putative histidine kinase has been iden- 
tified in D. discodeum; interestingly, a mu- 
tant with a disruption of this gene is sensitive 
to high osmolarities (26). Possibly, this two- 
component system is a common constituent 
of the osmosensory pathways, including the 
one that controls the actin and myosin sys- 
tem shown here. 
REFERENCES AND NOTES 
1. H. E. Street and H. ~ p i k ,  ThePhysiology ofnowering 
Plants (Arnold, London, ed. 3, 1984). 
2. W. H. Mager and J. C. S. Varela, Mol. Microbial. 10, 
253 (1 993); M. C. Gustin, X.-L. Zhou, B. Martinac, C. 
SCIENCE VOL. 271 12 JANUARY 1996 
Kung Sc~eiice242. 762 (1988): M. J. Clir~speelsand 
P. Agre Trends Biochem. Sci. 19, 421 (1994). 
3 P. Nov~ckand D. Botsten Cell 40 415 (1985) S. 
Chowdhury. K. W Smlth, M. C. Gust~n.J. Cell Biol. 
118, 561 (1992). 
4. J. A. Spudch, Cell Regul. 1 ,  1 (1989). 
5. A De Lozanne and J. A. Spud~ch.Sclence 236, 
1086 (1987); D J. Manste~n,M. A. T~tusA. De Loz-
anne. J. A. Spudlch EMBO J. 8, 923 (1989). 
6. W. W~tke,M. Schecher. A. A. Noegel, Cell 68. 53 
(1992) D. Cox etal.. J. Cell Biol. 116. 943 (1992). 
7. E. L. De Hostos e l  a/..J. Cell Blol. 120, 163 (1993). 
8. C Pasternak J A Spudch E. L. Elson. Nature 341 
549 (1989). 
9 G. Ger~schet a1 . Soc. Exp. Blol. 297 (1993). 
10. T. Truong, Q. G. Medley, G. P CBte. J. Blol. Chem. 
267. 9767 (1992). 
11. D. Luck-V~emetter.M. Schecher. B. Grabat~n,J 
Wlpper. G. Ger~sch.FEES Letl. 269 239 (1990). 
12. C.  Pasternak.P. F. Fllcker, S. Rav~d,J. A. Spud~ch,J. 
CellB~ol109.203 (1989) T T. Egehoff, R. J. Lee J 
A Spud~ch.Cell 75 363 (1993) 
13. m h c  cells grown In axenlc cond~t~onsare larger 
than v511Id-typecells. However, thls Increased slze 
was not the reason for the~rsensltlvlty to osmot~c 
damage, because m h c  cells grown on bacter~aor 
the mhcAu mutant cells were s~mlarIn slze to w d -
typeAX2 cells (27) but both were st11osmosensltve. 
14. P M. W. Janssens and P. J. M. Van Haastelt. Mi-
crobiol Rev 51, 396 (1987) 
15. J M. Mato, F A. Krens. P J M Van Haastelt T. M. 
Kon~jn.Proc. Natl. Acad SCI. U.S.A. 74, 2348 
(1977). 
16. G. Llu, H. Kuwayama. S, lsh~da.P C. Ne~~~e l l ,J. Cell 
Sci. 106, 591 (1993). 
17. M. Ovama, u n~ubshedobsewaton. 
18. H. ~ iwayama :S. shda.  P. J. M. Van Haastert, J. 
Cell Biol  123, 1453 (1993). 
19 The more polar cGMP and SF-cGMPS (quanosne 
3',5'-monophosphoroth1oate,'~~,-1somer~and the 
corresponding CAMPanalogs had no sgn~f~cantef-
fect at a ioncentration of 1 mM. 
20. S. Yumuraand Y. Fuku~,Nature 314. 194 (1985) 
21 The volume of AX2 and mhcPAacells was measured 
w t h  a Haematokrt and was den t~cawthln the sta-
tlst~calerror of 10%. An osmotlc shock of 0.3 M 
glucose Induced a reduct~onin volume of 46 -t 3% 
and 52 2 ZooIn AX2 and mhca cells, respect~vey. 
22. A. Kumaga etal.. Cell 57. 265 (1 989) 
23. L. Wu, R. Valkema, P. J M. Van Haastert, P N. 
Devreotes. J. Cell Biol  129. 1667 (1995) 
24 H. Kuwayama and P. J. M. Van Haasteri, ~ l n p ~ l b -
llshed obsewaton 
25 T. Maeda, S. M. Wurger-Murphy, H. Sa~toNature 
369, 242 (1994); T. Maeda. M. Takekawa, H. Sa~to, 
Science 269, 554 (1995). 
26. S. C. Schuster A. Noegel, G Ger~sch.M. I S~mon, 
unpubshed observat~on. 
27. P. J. M Van Haastert and P R.  Van Der Hellden, J. 
Cell Biol. 96, 347 (1983). 
28 A Jungbuth etal., J. Cell Sci. 107 117 (1994). 
29. K. Pagh and G Ger~sch,J. Cell Biol  103 1527 
(1986). 
30. The follow~ngcell hnes were used. Mutant K - 8  has 
reduced guanyy cycase activity and 1s der~vedfrom 
wild-type stran XP55 (18);the myosn I n u  mutant 
m h c  (stran HS2205);transformant mhcv,' In whch 
wid-type myosln I 1s expressed ~nmhc- cells (stra~n 
HG1554); and transformant mhcMa expressing In 
m h c  cells a mutant myosn I w~ t hthe three threo-
nne phospho~a tonsites mutated to aanine resl-
dues (stra~nHG1555) (9). Cells were cult~vatedIn 
tissue culture plate ~nHL5 def~nedmedium (mhc-. 
m h ~ " ~ ,mhcAu, and AX2) (7) or on 1!3 SM agar 
plates [0.3% glucose 0.3% peptone, 1 5% agar, 
and 40 mM KH,PO,-Na,HPO, (pH 6. O)] ~'11thEsch-
erichia coli B/r ( K 8  and XP55). The cells were re-
moved from the plates v'lith phosphate buffer [ l o  
mM K,HPO,-NaH,PO, (pH6, 5) (Fig. 1.Aand B)] or 
MES buffer [20 mM MES 2 mM MgSO,. 0. 2 mM 
CaCl, (pH6.15) (Fg. 1C)].Cells were shaken In these 
buffers at adensty of 10' cells per m1111terfor 1 hour, 
washed three tlrnes and resuspended In the respec-
tve  buffers at 10' cells per m~lliliter(Fig. 1A) or 1Oe 
cells per m~llil~ter(Fg. 1 Band C) and then stmuat-
ed w~ th300 mM glucose. Surv~valwas measured by 
1000-fold d u t ~ o nof cells at the tme  ndcated, fol-
lowed by patng 200 cells on a 1.'3 SM plate w~ t hE. 
coil and countlng colones several days later, ntra-
cellular accurnulat~onof cGMP was measured by 
Isotope d u t o n  assay (27). Phosphorylat~onof myo-
s ~ nI heavy cha~nv/as determlned by label~ngcells 
w~ th"P, ysls of the cells at the tlme ndcated, fol-
lowed by mmunoprecptaton of myosn ~511thmono-
clonal antbody JIG-3 to myosln I as descrbed (75). 
31. In (A), cells were Incubated ~'11th300 mM glucose 
for 30 mln n the absence or presence of 1 mM 
8Br-cGMP. The surv~valof XP55. Kl-8 mhcw-, 
mhc- ,  and mhcAm cells was determlned as de-
scrbed n Fg.  1 .  n (B) phosphoryaton of myosln 
I heavy cha~nwas Induced ~nXP55 and K - 8  cells 
upon ncubat~onw~ t h300 mM glucose w ~ t hor w th -
out 1 mM 8Br-cGMP. 
32. Cells were star~edfor 1 hour In phosphate buffer, incu-
bated In the presence of 300 mM glucose for 10 mln 
and 30 mln, and f~xedwth 15% plcrlc ac~dand 29.0 
forrnaldehyde ~n10 mM Pipes-HC (pH 6.0) (28).The 
f~xedcells were Incubated s~multaneouslyw~thfuores-
cen so tho cyan ate-conjugated phalo~dlnto star actln 
f~amentsand w~thtnonoclonal ant~body396 to myosln I1 
[wli~chrecognizes both Tyosln I monomers and flla-
ments (29)]plus tetramethyl rhodamne ~sothlocyanate 
conjugated goat antbody to mouse ~mmunoglobul~nG. 
Confocal sectlons of cells were taken w~tha 40x Plan-
Neofluar object~veon a Ze~ssLSM 410 fluorescence 
laser-scannng ~icroscope,the Images were coor-a-
beled to red (myosn I )  and green (act~n). 
33. We thank P. C Newel for monoclonal ant~body 
JIG-3 and M.  Oyama for useful comments. The 
mhcMA transformant was produced by D. Vemet-
ter In collaborat~onw~ t hJ A Spudlch, and K 8  
was Isolated by H.K. in collaborat~onw~ t hS, s hda .  
Supported n part by grant SFB266lD7 of the Deut-
sche Forschungsgeme~nschaft 
11 August 1995; accepted 10 November 1995 
Regulation of pH04 Nuclear Localization by the 
PH080-PH085 Cyclin-CDK Complex 
Elizabeth M. O'Neill, Arie Kaffman, Emmitt R. Jolly, 
Erin K. O'Shea* 
PH04, a transcription factor required for induction of the pH05 gene in response to 
phosphate starvation, is phosphorylated by the PH080-pH085 cyclin-CDK (cyclin-de-
pendent kinase) complex when yeast are grown in phosphate-rich medium. pH04 was 
shown to be concentrated in the nucleus when yeast were starved for phosphate and was 
predominantly cytoplasmic when yeast were grown in phosphate-rich medium. The sites 
of phosphorylation on pH04 were identified, and phosphorylation was shown to be 
required for full repression of pH05 transcription when yeast were grown in high phos-
phate. Thus, phosphorylation of pH04 by PH080-pH085 turns off pH05 transcription by 
regulating the nuclear localization of PH04. 
T h e  transcription of PHOS, which encodes a 
secreted acid phosphatase, is tightly repressed 
when Sacchnromyces cerevisine are grown in 
phosphate-rich medium, and its induction is 
more than 100-fold increased when yeast are 
starved for phosphate ( 1  ). Transcriptional in-
duction of pH05 requires the transcription 
factor PH04 ,  and correlative evidence sug-
gests that pH 0 4  activity is negatively regulat-
ed by phosphorylation (2).  When  yeast are 
grown in phosphate-rich medium, the 
PH080-PH085 cyclin-CDK (cyclin-depen-
dent kinase) complex phosphorylates PH0 4  
(2) and transcription of PH0 5  is repressed. 
When yeast are starved for phosphate, the 
kinase activity of the PH080-pH085 com-
plex is down-regulated by the CDK inhibitor 
PH081  (3). This reduced activity results in 
the appearance of an underphosphorylated 
form of pH 0 4  (2) that, in colnhination with 
a second transcription factor, PH02 ,  hinds to 
the pH05 promoter and activates pH05 
transcription (4). 
W e  wished to determine how changes in 
phosphate availability affect P H 0 4  func-
tion. Phosphate starvation does not have a 
large effect on PH04  stability; no difference 
in the arnount of PH 0 4  is observed hetnreen 
yeast grown in low versus high phosphate 
medium (2).  Because PI304 occupies binding 
sltes in the PH0 5  promoter in vivo under 
inducing, hut not repressing, conditions (S), 
the phosphate signal is likely to affect PH 0 4  
function at the level of DNA binding or some 
prior step, such as nuclear localization. Pre-
lirninary data suggest that phosphorylated and 
~~nphosphorylatedpH 0 4  have a similar affin-
ity for DNA (6).  
We  therefore examined the suhcellular 
localization of P H 0 4  in wild-type cells 
grown in low or high phosphate medium. 
P H 0 4  is concentrated in the nucleus nrhen 
yeast are starved for phosphate and is largely 
cytoplasmic when yeast are grown in phos-
phate-rich medium (Fig. 1, A to D). In  
pho80A and pho851 strains, in which PH 0 4  
is not phosphorylated (2)  and which express 
pH05 constitutively ( I ) ,  p H 0 4  was con-
centrated in the nucleus, even when the 
strains were grown in phosphate-rich medi-
um 16). In  contrast. P H 0 4  was redom mi-
Department of Blochemstn/ and Bophyslcs, Unlverslty n a n t l ~  a pho8IA strail' groan 
of Calforna at San Francsco. School of Medclne San in high or low phosphate conditions (6). 111 
Francisco, CA 94143-0448, USA. this strain, p H 0 4  is phosphorylated even 
-To whom correspondence should be addressed. when yeast are starved for phosphate (2) ,  
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